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As part of an ongoing investigation of an exhaust NO, emission index minimum measured for partially
premixed flames, radial temperature profiles and CH radical Jocations were measured in atmospheric-pressure,
- partially premixed, coflow, methane/air flames with fuel-side equivalence ratios of 1.6, 2.0, and 3.5, at three axial
heights above the burner. The work was undertaken because of the importance of temperature and CH radical
behavior in NO formation chemistry. Thin-filament pyrometry was found to be more appropriate than
thermocouple thermometry for temperature measurements in partially premixed flames. Results demonstrated
that the 1.6-equivalence-ratio flame exhibited classical double-flame structure, the 2.0-equivalence-ratio flame
was a merged flame, and the 3.5-equivalence-ratio flame exhibited diffusion-flame structure. Signals from CH*
chemiluminescence and CH laser-induced fluorescence provide evidence that, for the present measurement
locations, double flames exhibit single CH peaks which can be associated with their premixed component
flames. Double CH radical peaks, which were predicted to occur in low-strain-rate flames, were not found for
the limited number of flame conditions and locations studied. In the near-burner region, the premixed and
nonpremixed component flames of the @5 = 1.6 double flame diverge radially with increasing downstream

distance and merge together for larger values of ®g.

INTRODUCTION

Partial premixing exists in a flame when a
portion of the combustion air mixes with the
fuel to form fuel-rich regions surrounded by air.
At relatively high levels of partial premixing, a
“double flame” is formed. The double flame
consists of a rich premixed flame and a nonpre-
mixed flame formed at the interface between
the rich combustion products and the surround-
ing air. Partial premixing occurs in a variety of
practical situations, including lifted flames in
furnaces, gas-turbine combustor flames, con-
fined radiant heating tube flames, and domestic
appliance flames.

Past studies of partial premixing addressed
laminar counterflow [e.g., 1-15], laminar jet
[e.g., 16-21], unsteady co-annular [e.g., 22, 23],
turbulent jet [e.g., 24-33], and practical-burner
[e.g, 34, 35] flames. Gore and Zhan measured
the exhaust NO, emission index (EINO,, g NO,
per kg fuel consumed) from laminar, coflow,
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methane/air flames with constant global equiv-
alence ratio and found that EINO, decreased to
a minimum value and then increased as air was
incrementally added to the fuel jet {16]. Similar
EINO, behavior was found for laminar, coflow,
partially premixed ethane/air flames [18], for
turbulent, coflow, partially premixed natural
gas/air flames [32-33], and for laminar, counter-
flow, partially premixed CH,/air flames [8]. Col-
lectively, these studies suggest that an optimum
operating condition for a partially premixed
flame in a practical combustor can be selected
which minimizes the amount of NO, emitted.
The present experimental study is part of an
ongoing investigation of the exhaust EINO,
minimum measured from partially premixed
flames and reported in Refs. 8, 16, 18, and
32-33. The overall goals of the ongoing effort
are (1) to contribute to the present understand-
ing of NO, formation and destruction in flames,
and (2) to enable the future design of clean-
burning practical combustors which take advan-
tage of the partially premixed EINO, behavior.

In recent computational studies of low-strain-
rate counterflow methane/air double flames, a
flame structure characterized by two CH radical
concentration peaks was found [10, 15]. One
peak occurred at the location of the rich CH,/
air premixed flame and the other at the fuel-side
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edge of the nonpremixed flame formed between
the rich products and air. Other hydrocarbon
intermediates (e.g., CH,, CH;) also exhibited
double concentration peaks. Broad NO destruc-
tion regions, caused by CH; + NO reactions
(f = 1,2, or 3) and by HCCO + NO reactions,
existed between the hydrocarbon concentration
peaks [15]. Hence, hydrocarbon/NO interac-
tions can occur in the region between the two
component flames of a low-strain counterflow
double flame, and the existence of double CH
peaks indicates that these interactions take
place. It is possible that a flame with a broad
range of strain rates, such as a coflow partially
premixed jet flame, will exhibit regions for
which NO formation is similar to that computed
for the low-strain-rate flames of Ref. 15. Moti-
vated by this possibility, the primary goal of the
present study was to measure temperatures and
identify CH radical radial locations in a set of
partially premixed, coflow Bunsen-type flames
for which the EINO, minimum has been previ-
ously measured [16]. To the authors’ knowl-
edge, CH radical measurements in partially
premixed coflow jet flames have not been pre-
viously published. Nguyen et al. reported local
measurements of major species concentrations,
temperature, and OH and NO concentrations
for partially premixed CH,/air flames with fuel-
side equivalence ratios of 1.38, 1.52, and 1.70,
but CH radicals were not measured [19].

For the present investigation, burner operat-
ing conditions and measurement locations were
selected to match some of those used by Gore
and Zhan [16]. While these authors measured
major species concentrations, flame heights, ra-
diative heat loss, and EINO,, the present work
provides radial temperature profiles, axial ve-
locity profiles, and CH radical radial locations.
It was necessary to use thin-filament pyrometry
(TFP) for measuring temperature because ther-
mocouples exhibited large errors caused by sur-
face ignition in the central fuel/air mixture of
these flames [36]. The TFP technique described
in this paper features a unique thermocouple-
based calibration (performed away from the
central unburned-mixture region) as well as
corrections for radiative heat loss computed
using actual measured velocities. The CH radi-
cal locations were determined using chemilumi-
nescence detection and laser-induced fluores-

cence (LIF). The objectives of this study were
(1) to implement a calibrated TFP measure-
ment technique appropriate for use in partially
premixed Bunsen flames, (2) to examine the
structure of partially premixed, coflow CH,/air
flames while adding temperature, axial velocity,
and CH radical location information to an
existing database, and (3) to determine if tem-
perature profiles and CH radical locations at
three selected heights within three selected par-
tially premixed flames provide insight into a
previously measured exhaust EINO, minimum
for these flames.

EXPERIMENTS!

Experiments were performed in a modified
Bunsen burner which allows control of the
fuel-stream equivalence ratid. This laminar
burner, depicted in Ref. 16, consists of a 15-mm
diameter central tube that carries methane pre-
mixed with air surrounded by a 100-mm diam-
eter annulus that carries pure coflow air. Flow
straightening beads and honeycomb are present
in the coflow air stream. Air from a shop
compressor was used with commercial grade
methane. All rates of flow were measured using
rotameters calibrated with a dry-gas meter.
Operating conditions were varied by keeping
the rate of fuel flow equal to 42 mg/s (2.1 kW
based on lower heating value) and changing the
central tube air flow rate to achieve inner tube
equivalence ratios (®g) of 1.6, 2.0, and 3.5. The
coflowing air was metered so that the global
equivalence ratio (®g0p,) remained equal to
0.5. A chart of the operating conditions used in
the present study and their NO, emission indi-
ces, taken from Ref. 16, is given in Table 1.
Although Ref. 16 contained data from a
range of fuel-side equivalence ratios between
1.4 and =, only three of these operating condi-
tions were studied in the present work. These
three were chosen because EINO, decreases

" In order to adequately describe experimental procedures,
it is occasionally necessary to identify commercial products
by manufacturer’s name or label. In no instance does such
identification imply endorsement by the National Tnstitute
of Standards and Technology, nor does it imply that the
particular products or equipment are necessarily the best
available for that purpose.
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TABLE 1

Operating Conditions for Laminar, Partially Premixed
Burner [16]

Central Air  Central Fuel Annular Air  EINO,
@, Flow (mg/s) Flow (mg/s) Flow (mg/s) (g/kg fuel)

1.6 450 42 990 297 = 0.30
2.0 360 42 1080 229 +0.23
35 205 42 1235

255 £0.25

between @ = 1.6 and ®g = 2.0, then increases
again between &g = 2.0 and &g = 3.5, and any
interesting temperature and/or CH radical loca-
tion trend that might contribute to the EINO,
minimum was expected to be observed for these
conditions. Visible flame heights measured with
a video camera were 240 mm, 300 mm, and
320 mm, for the &5 = 1.6, 2.0, and 3.5 flames,
respectively [37]. All data were collected at axial
distances of 20 mm, 40 mm, and 60 mm above
the burner. Each of these heights is less than the
visible Bunsen-cone tip height for the threc
conditions studied.

Temperature

TFP was used in the present work to measure
temperature profiles. The technique was devel-
oped by Vilimpoc et al. [38-40], and has been
applied in several flame systems [36, 41-45].
The technique involves extending a thin
(10-20 pm) silicon carbide (SiC) fiber with
weighted free ends across the radial centerline
of the flame and inferring gas temperature from
the fiber’s measured graybody emission. TFP
exhibits rapid time response, excellent spatial
resolution, and good signal-to-noise ratio [38].

TFP was selected because thermocouple
measurements yielded unrealistically high tem-
peratures in the central unburned region of the
flames. This is demonstrated in Fig. 1, which
depicts a temperature profile measured with a
Pt/Pt13%Rh 0.076-mm wire diameter thermo-
couple (open squares) and the same profile
measured using TFP (closed circles). The pro-
file was measured in a $g = 2.0 flame at a
height of 60 mm above the burner [36]. Both
measurement methods were corrected for radi-
ation loss. There is a discrepancy between the
results obtained with the two techniques in the
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Fig. 1. Thermocouple temperature profile compared with
filament temperature profile for &y = 2.0 flame at a height
of 60 mm above the burner surface.

central unburned region of the jet. The thermo-
couple measurements indicate temperatures of
about 1600 K, whereas the TFP measurements
indicate temperatures around 800 K. The ther-
mocouple-determined temperatures are unreal-
istically high in this region because of local
ignition caused by heat conducted along the
thermocouple leads from the high-temperature
flame zone. The TFP technique avoids this
problem because the fiber has low thermal
conductivity and its surface does not catalyze
combustion reactions as readily as that of a
thermocouple.

Because calibrated TFP is still a relatively
new technique, a few paragraphs are devoted
here to describing its current implementation.
Further details about the present formulation
are available in Refs. 36 and 46. The TFP
optical arrangement is shown in Fig. 2. A liquid-
nitrogen cooled indium antimonide (InSb) de-
tector, sensitive to radiation between 1.1 pum
and 5.6 um, was used with infrared-transmitting
calcium fluoride (CaF,) lenses. An adjustable
aperture near the flame was used to block flame
radiation, and an aperture (slit) near the detec-
tor was adjusted to a width of less than 0.1 mm
to control the detector peak output signal. The
chopper was operated at 300 Hz. The detector
output signal was bandpass filtered, conditioned
with the 1-second post-filter of a lock-in ampli-
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Fig. 2. Schematic of TFP experimental arrangement.

fier, and subsequently sampled at 2 Hz for 5
seconds using a laboratory computer. The long
averaging times were possible because the
present flames were generally laminar and
steady.

The 20-cm-long pieces of fiber (Dow Corning
Nicalon SiC, Grade CG, Size PVA, Denier
1800, 15-um diameter) were supported as
shown schematically in Fig. 3. The fiber was
aligned horizontally using a helium-neon (He-
Ne) laser with a cylindrical lens. The fiber was
aligned along the radial centerline of the flame
by ensuring that the distance between temper-
ature peaks in a calibration flame (P = 1.6,
20 mm height) was equal to the thermocouple-
determined differential distance of 18 mm. Ax-
fal variations in fiber diameter, which are a
concern when the entire fiber is viewed simul-
taneously using either array cameras or rapidly
scanning mirrors [45], were not important in the
present study because a single (constant diam-
eter) point on the fiber was viewed and the
flame was traversed across this point.

Since the detector output is directly propor-
tional to the emitted radiation and not to the
temperature, conversion of voltage to tempera-
ture requires a nonlinear calibration. The
present calibration procedure relies on a ther-
mocouple measurement made at a location on
the coflow air side of the flame where local

ignition cannot occur. The gas temperature at
this specific location is 1000 K, chosen because
radiation losses for both the fiber and the
thermocouple are small at this temperature.
The calibration medium was a 2.1 kW, &5 = 1.6
flame with @Dy, = 0.5. Calibrations were
performed at a height of 20 mm above the
burner. A primary calibration was performed
once using a calibration fiber and a thermocou-
ple measurement. Thereafter, secondary cali-
brations were performed by relating the signals
from each measurement fiber to those of the
calibration fiber. The calibration procedure is
described in the next few paragraphs.

First, a calibration curve with 1000 K as a
reference was produced by numerically integrat-
ing the equation

Vr

V] 000K

Ar
Az

eC
J WTop(CnT) — 1] RV Topns () A

Ay

Az

eC,
J')‘S[exp(cz/)\ * 1000K) o l] Rdctecmr()‘)Toptics()‘) dA

Ay

(1)

Here, A is the signal ratio. The numerator of
Ay is the integral with respect to wavelength (A)
of the filament graybody emission convoluted
with the detector response curve (Ryuector) and
the optics transmission curve (7,pyc)- The de-
nominator is the same integral evaluated at
1000 K. In this equation, C, and C, are the
blackbody curve constants (C, = 3.742 x 10®
W um¥/m?% C, = 1.439 x 10* um - K [47]), V-
is the voltage from the fiber emission at tem-
perature T, and V g0k 15 the voltage from the
fiber emission at a temperature of 1000 K. The
lower and upper limits of integration are A, =
1.1 pum and A, = 5.6 um, the limits of the usable
range of the detector. The SiC fiber radiates as
a graybody with constant emissivity. In the past,
€ = 0.88 [38] and € = (.92 [44] have been used;
in the present work, € = 0.88 was used following
Vilimpoc et al. [38]. The CaF, optics exhibit a
constant transmittance (T, = 0.92) through-
out the wavelength range used here [48]. The
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Fig. 3. Schematic of filament holder.

ratio, Ay = Vy/Vipeok, Was computed as a
function of temperature and graphed as a cali-
bration curve shown in Fig. 4.

The primary calibration was performed by
inserting the calibration fiber into the calibration
flame and locating the peak temperature by tra-
versing the burner. Since the temperature at this
location was known to be about 2000 K, the
system was aligned and the detector gain adjusted
until the peak detector voltage was in the range of
5 to 7 V. Next, the radial location corresponding
to a temperature of about 1000 K was located by
traversing the burner until the filament emission
voltage was Vyooox = V2000 k/A2000% calculated
a priori using the value of Aok from the
calibration curve. Next, a 0.076-mm-wire-diam-
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Fig. 4. Temperature calibration chart with error bars.
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eter Pt/Pt13%Rh thermocouple was moved
along the filament until the detector signal
indicated that the filament emission was par-
tially blocked by the thermocouple bead. The
primary calibration filament was then broken
(removed) to keep it from interfering with the
thermocouple measurement. The actual tem-
perature at this location was taken to be equal
to that indicated by the thermocouple. Using
this known gas temperature/filament voltage
pair, the peak temperature in the calibration
flame was determined using the calibration
curve. The known peak temperature and its
known location in the calibration flame were
then used to perform a secondary calibration for
each measurement fiber.

Details of the TFP uncertainty analysis are
given in Ref. 46. The primary component of
uncertainty in a TFP measurement arises from
the point used for calibration (Vg0k), Which
falls on a very steep portion of the radial
temperature profile in the calibration flame.
Hence, a small uncertainty in the radial location
of the calibration thermocouple results in a
large uncertainty in the temperature deter-
mined by the technique. The slope of the tem-
perature profile in the calibration flame was
used along with the estimated uncertainty in the
radial location of the calibration thermocouple
to determine the uncertainty in Vygpgy. (This is
a Type B method as defined in Refs. 49 and 50.)
The uncertainty in Vg0 Was combined with
the least-count voltage uncertainty using the
root-sum-of-squares method to yield the uncer-
tainty in the calibration voltage ratio, Ay. The
calibration curve was then perturbed and the
resulting combined standard uncertainty in tem-
perature, f, (estimated standard deviation), was
deduced. The unknown value of the tempera-
ture is believed to lie in the interval T = ¢, with
a level of confidence of approximately 68%. The
uncertainty is as high as 90 K for temperatures
of 2200 K, and is depicted using error bars in
Fig. 4. The minimum measurable temperature
with the InSb detector is 500 K [46], which is in
agreement with the lower limit reported by
Bedat et al. [44].

For all measurements in the calibration flame
and in the other flames, radial scans of the
background radiation from flame gases were
taken without a filament in place. The flame
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emission voltages were subtracted from the
voltages resulting from the flame and filament
combined. Typical flame emission voltages were
about 5-7% of the peak filament emission sig-
nal for each measurement.

Temperatures measured using TFP must be
corrected for radiation losses to the surround-
ings. In the present study, the correction was
performed using a correlation for a cylinder in

forced, low-Reynolds-number crossflow [51,
52],

Nu = 0.43 + 0.48Re'? (2)

In this equation, Nu is the Nusselt number
defined as Nu = hd/k,, where h is the convec-
tive heat transfer coefficient between the flow-
ing gas and the fiber (W/m?-K), d; is the
diameter of the fiber (15 X 10°® m), and kg is the
gas thermal conductivity (W/m - K). The Reyn-
olds number, Re, is defined as Re = Ud,/vg,
where U is the crossflow velocity (m/s) and v, is
the gas kinematic viscosity (m%/s). Gas proper-
ties (v, and k), taken from Ref. 47, were
evaluated for air at the film temperature using
an iterative procedure. The use of air properties
is expected to be adequate because air (consist-
ing primarily of N,) is present throughout par-
tially premixed flames. The crossflow axial ve-
locity was measured using laser Doppler
velocimetry (LDV) [32]. Equation 2 was esti-
mated to be correct within 10% for Reynolds
numbers as low as 0.1 by Hsu [52]. The present
study yieclded Reynolds numbers ranging from
0.01 to 1.5, corresponding to Nusselt numbers
between 0.5 and 1.0. The radiation correction
resulted in temperature corrections as high as
200 K at peak filament temperatures.

Axial Velocity

The dual-beam, single-channel LDV system,
described elsewhere [32, 53], consisted of an
argon-ion laser, a beam splitter, a frequency
shifter, and a focusing lens. The receiving optics
were oriented perpendicularly to the sending
optics, and a counter-type burst processor was
used. Two fluidized bed seeders were used, one
for the center tube premixing air and one for the
coflow air. Corrections for thermophoretic ef-
fects were not made because the present axial
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TABLE 2
Summary of LDV Parameters [53]

Argon-ion laser wavelength 5145 nm

Laser beam (e~?) diameter 1.3 mm

Focusing lens focal length 604 mm

Beam intersection half-angle 1.2°

Fringe spacing 6.2 um

Number of fringes 48

Probe volume dimensions 0.3 mm X 0.3 mm X
7.4 mm

Collection lens focal length 604 mm

PMT pinhole aperture 0.2 mm

Measuring volume dimensions 0.3 mm X 0.3 mm X
0.6 mm

Frequency shift 1 MHz

Nominal Al,O, seed particle size 0.5 um

velocities are normal to the direction of the
most severe thermophoretic forces. An analysis
detailed in Ref. 53 revealed that measured
velocities were accurate to within *1%. Impor-
tant LDV parameters are shown in Table 2 [53].

CH Radical Location

The radial location of the CH radical was
determined using CH* chemiluminescence and
laser-induced fluorescence (LIF). Qualitative
measurements of the spectral intensity of
chemiluminescence emission from CH* (A*A-
X?11 transition) at 432 nm were made using an
optical arrangement consisting of a 15-mm-
long, 8-mm-diameter collimating probe, a 1/8 m
monochromator, and an R268 end-on photo-
multiplier tube (PMT) [46]. A schematic of the
CH* arrangement is shown in Fig. 5. The colli-
mating probe was positioned with its receiving
end at the outer edge of the visible flame. The
monochromator grating had a 350-nm blaze
wavelength, 1200 lines/mm, and a reciprocal
dispersion of 6.6 nm/mm. The monochromator
entrance and exit slits were both set to 0.4 mm
to yield a full width at half maximum (FWHM)
bandwidth of 3 nm, as measured using a He-Ne
laser. The PMT chemiluminescence output sig-
nal was low-pass filtered at 50 Hz before being
sampled at 100 Hz and computer-averaged for
30 seconds.

For the CH* measurements, the collimating
probe was placed in the coflow with its inlet
about 10 mm from the burner centerline. This
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Fig. 5. Schematic of arrangement used to detect CH*
chemiluminescence.

allowed the probe to be positioned as close as
possible to the flame without being placed di-
rectly into the flame. The burner was then
translated along the axis perpendicular to the
collimating probe, and measurements were
made at locations which were spaced 0.3 mm to
1 mm apart along this axis. This procedure
resulted in large-view-angle measurements. Be-
cause the flame was translated and the probe
was stationary, the actual view angle varied for
each flame location measured. Deconvolution
of the resulting broad, line-of-sight CH* profiles
yielded unrealistically broad local radial center-
line CH* profiles. To obtain spatially resolved
information, LIF was used as a second way to
identify the locations of CH radical peaks.
Reviews of LIF studies and techniques are
available [54, 55]. While it is challenging to
determine absolute quantitative CH concentra-
tions using LIF in atmospheric-pressure flames,
the aim of this work was to identify only the
radial locations of CH radical concentration
peaks. Hence, CH LIF signals are reported in
arbitrary units and are not meant to represent
quantitative CH radical concentrations. The lo-
cation of a peak in the LIF signal should be
indicative of the location of a peak in the CH
concentration profile, as long as there is enough
laser-excited CH to fluoresce while experienc-
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ing collisional quenching. The standard uncer-
tainty (i.e., estimated standard deviation) in the
radial LIF-determined CH location is 0.1 mm
based on the least count of the translation stage
movements.

The details of the LIF technique used in the
present work were recently published by Renfro
et al. [56, 57]. A schematic of the experimental
apparatus is shown in Fig. 6. The Ti:Sapphire
mode-locked laser is pumped by a multimode
argon-ion laser and delivers a series of mode-
locked pulses of 1.5 picosecond FWHM at a
repetition rate of 80 MHz. The laser output is
frequency doubled, and the spectral width of the
beam after doubling is estimated to be 10 cm ™"
(0.2 nm). The wavelength (430.6 nm) and the
spectral width of the laser exiting the doubling
crystal permit simultaneous excitation of about
10 Q-branch transitions within the (0,0) band of
the A2-X? system of CH. Spectrally narrower
pulses (about 1 cm™) that permit excitation of a
single rovibronic line are attainable with the
current laser system but with significantly re-
duced laser power. This alternative strategy was
used to excite the temperature-insensitive
Q1(1) line (Qlc and Q2c) of CH in a simple
nonpremixed methane jet flame and was found
to yield the same results as the broadband
excitation scheme but with a lower signal-to-
noise ratio [57].

Fluorescence emission was collected in a di-
rection perpendicular to the laser beam axis and
focused onto the entrance slit of a 1/4 m mono-
chromator. Rayleigh scattering interference was
minimized by horizontal polarization of the
laser beam. The width of the exit slit of the
monochromator was 1 mm, resulting in the
detection of fluorescence in a 4-nm region
centered about 430 nm. Selected spectral scans
performed at the location of peak LIF signal
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revealed spectrally narrow features, indicating
the absence of fluorescence interference from
polyaromatic hydrocarbons (PAH). The probe
volume (as defined by the entrance slit of the
monochromator and the beam diameter) in the
flame was 100 pum high, 100 pum wide, and 60
pm deep; the resulting average laser irradiance
was 4.4 X 10° mW/cm?. A lock-in amplifier was
used to sample the Hamamatsu HS5321 PMT
signal, which was then normalized by the inde-
pendently measured laser power. Rayleigh scat-
tering contributions were determined from a
curve fit (of the form C, + C,/T) through a
point in the unburned fuel/air mixture and a
point in the coflow air stream, selected because
CH was known to be absent at both points. The
curve fit was used along with the TFP-measured
temperatures to calculate Rayleigh scattering
corrections which were subtracted from the
measured signals.

RESULTS AND DISCUSSION

Figure 7 depicts representative radial profiles of
TFP-determined temperature (7) and LDV-
determined axial velocity (U) measured at
heights (#) of 20 mm, 40 mm, and 60 mm along
radial centerlines for the ®z = 1.6 flame. For
each height, along a radius, the temperature is
low near the center of the jet, rises with a steep
slope to an inner characteristic temperature, rises
approximately linearly with a moderate slope to
the peak temperature, and then decreases with a
steep slope toward the temperature of the co-
flow air (300 K). The inner characteristic tem-
perature indicates the approximate location of
the rich premixed CHg/air flame, while the
outer peak temperature identifies the location
of the nonpremixed CO/H,/air flame estab-
lished at the interface of the products of rich
combustion and the coflowing air stream. The
temperature-profile shapes are similar to those
measured and computed in laminar double
flames previously [1-3, 8-12, 14, 19]. The peak
flame temperatures are 2260 + 87 K at heights
of 20 mm, 40 mm, and 60 mm above the burner.
The adiabatic flame temperature for stoichio-
metric methane in air (2230 K) falls within this
uncertainty interval.

At heights of 20 mm and 40 mm above the
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Fig. 7. Temperature (T) and axial velocity (U) for positions
20 mm, 40 mm, and 60 mm above the burner in the &, = 1.6
flame.

burner, the temperatures in the center of the jet
are less than the minimum detectable tempera-
ture of 500 K. It is reasonable that the temper-
atures at these locations are lower than 500 K
because the jet consists of an unburned rich
mixture of methane and air in its center. At
60 mm, the temperature in the inner unburned
mixture is about 600 K.

Measured axial velocities for the & = 1.6
flame are also depicted in Fig. 7. Along a radius,
velocity is constant in the central unburned
region of the fuel/air jet and decreases with a
steep slope toward the outer stagnant condition.
The scatter in the measured velocity at the
20 mm height exists because of the honeycomb
flow straightener present in the fuel tube; the
flow velocity near the burner surface depends
on whether the measuring volume is above the
wall of a honeycomb cell or above the opening
of the cell. This effect diminishes downstream
as the individual cell jets diffuse into a uniform
flow. Peak velocities are between 3 m/s and
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Fig. 8. Temperature and CH* chemiluminescence signal at
20 mm, 40 mm, and 60 mm above the burner in the ®5 = 1.6
flame.

3.5 m/s at each axial location. In this flame, the
peak temperature of the outer nonpremixed
flame occurs at the same location as the change
in velocity gradient. This approximate coinci-
dence of the location of the peak temperature
and that of the change in velocity gradient in the
nonpremixed flame region occurs because of
gas expansion and is in agreement with that
measured and predicted for laminar, coflow,
pure diffusion flames by Mitchell et al. [58].
Although not shown here, measured peak ve-
locities in the @5 = 2.0 and & = 3.5 flame were
about 3 m/s and 2 m/s, respectively. These
measured velocities were used to compute the
radiation corrections for the temperature mea-
surements.

Figure 8 shows line-of-sight CH* chemilumi-
nescence profiles for the ®g = 1.6 flame at
heights of 20 mm, 40 mm, and 60 mm. The
temperature profiles are also depicted for ref-
erence. Dashed vertical lines mark the locations
of the peak CH* signals. As a result of the broad
acceptance angle of the optics and the spatially

L. G. BLEVINS ET AL.

integrated nature of the measurement, the CH*
profiles are unrealistically wide. The CH* sig-
nals peak at radii of 6.6 mm, 6.1 mm, and
5.8 mm from the burner centerline, for heights
of 20 mm, 40 mm, and 60 mm, respectively. The
CH* signals peak near the inner characteristic
temperature associated with the premixed
flame. Each CH* profile shows only one peak
on each side of the radial centerline. The 40 mm
and 60 mm-height CH* profiles appear to have
inflection points near the outer nonpremixed
flame location, which may indicate that double
CH peaks exist. However, the inflection points
may be caused by the temperature dependence
of the CH* signal, and hence this evidence of
double CH peaks is inconclusive. Although not
shown in this paper, CH* profiles measured in
&y = 2.0 and 3.5 flames were broad and did not
show inflections away from the peak-signal lo-
cations [46].

Laser-induced-fluorescence profiles of CH
along the central chord are depicted for the
dy = 1.6 flame in Fig. 9. Temperature profiles
are again repeated for reference, and dotted ver-
tical lines mark the locations of the peak CH LIF
signals. The CH LIF profiles are narrow, with
FWHMs of less than 1.0 mm (in agreement with
the narrowness of CH profiles measured in
atmospheric-pressure diffusion flames [59]).
The CH LIF profiles peak at 7.1 £ 0.1 mm,
7.2 = 0.1 mm, and 7.1 = 0.1 mm for heights of
20 mm, 40 mm, and 60 mm above the burner,
respectively. The point-measured CH LIF sig-
nals peak at larger radii than the line-of-sight
CH* signals. This is expected, since the line-of-
sight CH* signal peaks when it contains contri-
butions from two mirror-image CH* peaks
along a chord. In agreement with the CH*
results, the peak CH LIF signals exist near the
characteristic temperature associated with the
rich, premixed flame, and they do not peak near
the outer nonpremixed flame. This indicates
that either (a) there are no secondary CH
concentration peaks, or (b) the combinations of
CH number densities and local quenching envi-
ronments render secondary CH signals unde-
tectable. The CH LIF measurements exhibit
scatter in the low-temperature, unburned, cen-
tral fuel/air jet which is attributed to measure-
ment noise and not to CH signal.

Figure 10 depicts radial TFP-determined
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Fig. 9. Temperature and CH LIF signal at 20 mm, 40 mm,
and 60 mm above the burner in the &y = 1.6 flame.

temperature profiles and LIF-determined CH
profiles at three axial locations for the &y = 2.0
flame. Dotted vertical lines mark the locations
of the CH LIF signal peaks. The temperature
profiles for these flames exhibit the same basic
trends as for the &y = 1.6 flame; however, the
location of an inner characteristic temperature
is not as easily distinguishable in these profiles,
and the region of moderate slope (between the
CH,/air premixed component flame and the
CO/H,/air nonpremixed component flame) ex-
hibits a larger gradient than that exhibited in the
same region of the &z = 1.6 flame. Thus, the
&, = 2.0 flame has a less defined double-flame
structure, and more of a “merged”’-flame struc-
ture (after Ref. 12). Peak temperatures are
2180 + 82 K, 2200 * 83 K, and 2130 * 79 K at
heights of 20 mm, 40 mm, and 60 mm above the
burner. The CH LIF profiles peak at 8.1 + 0.1
mm, 86 * 0.1 mm, and 83 * 0.1 mm for
heights of 20 mm, 40 mm, and 60 mm above the
burner, respectively. The CH LIF profiles
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Fig. 10. Temperaturc and CH LIF signal at 20 mm, 40 mm,
and 60 mm above the burner in the &y = 2.0 flame.

achieve maxima on the fuel side of the peak
temperature.

Radial centerline temperature and CH LIF
profiles for the ®z = 3.5 flame at heights of
20 mm, 40 mm, and 60 mm are depicted in Fig.
11. Dotted vertical lines mark the locations of
the CH LIF signal peaks. The inner character-
istic temperature and the region of moderate
slope are not apparent for the @z = 3.5 flame.
Hence, this flame does not exhibit the double-
flame structure. The shapes of the profiles are
similar to those measured previously in laminar
coflow methane-air jet diffusion flames [58].
Peak temperatures are 2130 = 79 K, 2100 =+
77 K, and 1930 = 67 K at heights of 20 mm,
40 mm, and 60 mm above the burner, respec-
tively. The CH LIF profiles peak at 9.8 = 0.1
mm, 9.5 = 0.1 mm, and 9.1 * 0.1 mm for
heights of 20 mm, 40 mm, and 60 mm above the
burner, respectively. The CH LIF profiles peak
just on the fuel side of the temperature peaks, in
agreement with previous measurements in pure
diffusion flames [60]. Hence, based on temper-
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Fig. 11. Temperature and CH LIF signal at 20 mm, 40 mm,
and 60 mm above the burner in the & = 3.5 flame.

ature and CH location, the &5 = 3.5 flame
behaves similarly to a pure diffusion flame. The
temperature and CH results at heights of 40 mm
and 60 mm above the burner are not smooth
and/or narrow because of flame flicker.

The present study focused on three selected
axial locations within each of three selected
flames, chosen to match the measurement loca-
tions and operating conditions used in Ref. 16.
Within the present detection limits, double CH
radical peaks were not found on the same side
of the radial centerline at heights of 20 mm,
40 mm, or 60 mm above the burner in the &y
=1.6, 2.0, or 3.5 flames. Hence, based on the
present evidence, the existence of double CH
peaks cannot be invoked to explain the EINO,
minimum measured in these flames. It should
be noted that the absence of secondary CH LIF
signal peaks does not prove conclusively that
double CH concentration peaks do not exist.
Small CH peaks may not be detectable because
of the effects of collisional quenching on the
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Fig. 12. Locations of peak temperature, CH* chemilumi-
nescence signal, and CH LIF signal for &y = 1.6, 2.0, and
3.5 flames.

measurement, and this topic warrants further
study.

Figure 12 depicts a summary of the locations
of the maxima in the temperature, CH*, and
CH LIF profiles for the &5 = 1.6, 2.0, and 3.5
flames. It is reemphasized that the CH* mea-
surements are line-of-sight measurements,
whereas the CH LIF and temperature measure-
ments are point measurements taken along the
central chord. For the ®g = 1.6 flame, the peak
temperatures occur at increasing radii as axial
distance increases, whereas the CH* and CH
LIF peaks occur at decreasing radii. Hence, the
radial locations corresponding to the peak tem-
perature and CH signals move apart as distance
above the burner increases. For the &g = 2.0
flame, the radial locations of the peak temper-
ature and CH signals increase together from
20 mm to 40 mm and then decrease together at
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60 mm above the burner. The peak tempera-
tures and CH signals are closer together in the
®y = 2.0 flame than in the &z = 1.6 flame.
For the ®z = 3.5 flame, the radial location of
the peak temperature increases, while the radial
locations of the maximum CH* and CH LIF
signals decrease, with increasing distance above
the burner. The peak temperatures and CH
signals are even closer together in the @5 = 3.5
flame than in the &g = 2.0 and $p= 1.6 flames.
Hence, if the peak CH location marks the inner
CH/air premixed flame and the peak tempera-
ture location marks the outer CO/H,/air non-
premixed flame, the two flame fronts diverge in
the near-burner region for the ®g = 1.6 flame,
but they begin to merge together at lower levels
of partial premixing (®g = 2.0 and 3.5).

SUMMARY AND CONCLUSIONS

Temperature and CH radical radial locations
were measured at heights of 20 mm, 40 mm, and
60 mm above the burner in partially premixed
CH,/air flames with fuel-side equivalence ratios
of 1.6, 2.0, and 3.5. The study was undertaken
because an exhaust EINO, minimum was previ-
ously measured in these flames, and numerical
modeling showed that locating CH radical is
important for understanding the EINO, behav-
ior. During this investigation, temperature, axial
velocity, and CH radical location were added to
an existing partially premixed flame database.
TFP was found to be more appropriate than
thermocouple thermometry for measuring gas
temperatures in partially premixed flames be-
cause TFP avoids the surface-ignition problems
of a thermocouple in the rich unburned fuel/air
mixture. A thermocouple-based calibration of
TFP was successfully implemented in the
present work, and radiation corrections were
performed using actual measured velocities.
The ®g = 1.6 operating condition exhibited
double-flame temperature behavior, the ®y =
2.0 flame exhibited more of a merged-flame
behavior, and the &5 = 3.5 flame exhibited
behavior similar to a pure diffusion flame. In
the &5 = 1.6 double flame and in the g = 2.0
merged flame, both the line-of-sight CH*
chemiluminescent signal and the centerline
point-by-point CH LIF signal exhibited maxima

at locations coincident with the temperature of
the rich premixed hydrocarbon/air component
flame. The existence of double CH peaks can-
not presently be invoked to help explain the
exhaust EINO, minimum. In the near-burner
region, the premixed and nonpremixed compo-
nent flames of the double flame separate with
increasing downstream distance, while they
merge together at lower levels of partial premix-

ing.
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